Inflammation is an important factor in the development of insulin resistance. SIRT1, a class 3 histone/protein deacetylase, has anti-inflammatory functions. Myeloid-specific deletion of Sirt1 promotes macrophage infiltration into insulin-sensitive organs and aggravates tissue inflammation. In this study, we investigated how SIRT1 in macrophages alters tissue inflammation in the pancreas as well as liver and adipose tissue, and further explored the role of SIRT1 in locomotion of macrophages. Myeloid-specific Sirt1-deleted mice (mS1KO) and WT littermates were fed a 60% calorie high-fat diet (HFD) for 16 weeks. Tissue inflammation and metabolic phenotypes were compared. Bone marrow macrophages (BMMs) from WT or mS1KO mice were used in in vitro chemotaxis assays and macrophage polarization studies. mS1KO mice fed a HFD exhibited glucose intolerance, reduced insulin secretion, and insulin sensitivity with a slight decrease in body weight. Consistent with these results, pancreatic islets of mS1KO mice fed a HFD displayed decreased mass with profound apoptotic cell damage and increased macrophage infiltration and inflammation. Liver and adipose tissues from mS1KO HFD mice also showed greater accumulation of macrophages and tissue inflammation. Results from in vitro experiments indicated that deletion of myeloid Sirt1 stimulated proinflammatory M1-like polarization of BMMs and augmented the adipocyte-mediated macrophage chemotaxis. The latter effect was accompanied by increased expression and acetylation of focal adhesion kinase, as well as nuclear factor kappa B. Our results indicate that myeloid SIRT1 plays a crucial role in macrophage polarization and chemotaxis, and thus regulates the development of HFD-induced pancreatic inflammation and insulin secretion, and metabolic derangements in liver and adipose tissue.
Introduction
Obesity is characterized by chronic low-grade tissue inflammation that contributes to the development of insulin resistance, metabolic syndrome, and type 2 diabetes (Hotamisligil 2006) . Infiltration of immune cells into peripheral tissues and the consequent tissue inflammation are responsible for obesity-related insulin resistance. Macrophages are infiltrating immune cells that are central to initiating and orchestrating obesity-induced local inflammation. The importance of macrophages in inflammatory responses and subsequent metabolic derangements has been well documented in genetic studies. Transgenic overexpression of monocyte chemotactic protein 1 (C-C chemokine ligand 2 (CCL2)) in adipocytes increases macrophage infiltration and decreases insulin sensitivity (Kanda et al. 2006) . In contrast, genetic deletion of C-C chemokine ligand 2 (Ccl2)/Mcp1 or its receptor, C-C chemokine receptor 2 (Ccr2), protects mice from high-fat-diet (HFD)-induced inflammation and insulin resistance (Kanda et al. 2006 , Weisberg et al. 2006 . Similarly, macrophage-specific deletion of IkB kinase-b (Ikbkb) or c-Jun N-terminal kinase (Mapk8) suppresses inflammatory pathways and improves systemic insulin sensitivity in mice on a HFD (Arkan et al. 2005 , Solinas et al. 2007 .
SIRT1, an NAD C -dependent histone deacetylase, is an important regulator of the metabolic response to caloric restriction (Chalkiadaki & Guarente 2012) . Additional evidence indicates that SIRT1 represses inflammatory signaling in multiple tissues and cell types, including macrophages. Caloric restriction increases the levels of SIRT1 protein in peritoneal macrophages and suppresses the production of proinflammatory mediators (Clement et al. 2004 , Zhang et al. 2010 . Similarly, siRNAmediated Sirt1 knockdown in RAW264.7 cells increases tumor necrosis factor alpha (TNFa) secretion (Shen et al. 2009) , and genetic or pharmacological activation of SIRT1 suppresses cytokine release from stimulated macrophages (Yoshizaki et al. 2010 , Zhang et al. 2010 ). Myeloid-cellspecific deletion of Sirt1 increases macrophage infiltration into the liver and adipose tissues, as well as production of proinflammatory cytokines, and exacerbates insulin resistance after high-fat feeding (Schug et al. 2010) . Taken together, these findings indicate a close link between the activity of SIRT1 in macrophages and obesity-induced inflammation. However, the mechanism through which SIRT1 regulates macrophage locomotion in response to metabolic stresses remains unclear.
Cell migration is a complicated process regulated by the activation of various signaling molecules. Results from several studies have indicated that nuclear factor kappa B (NFkB (NFKB1)) is a central coordinator of macrophage migration in obesity-induced inflammation models both in vitro and in vivo (Suganami et al. 2007 , Ichioka et al. 2011 , Le et al. 2011 . Notably, SIRT1 deacetylates the p65 subunit of NFKB1 and attenuates NFKB1-mediated gene transcription (Lee et al. 2009 ). Specifically, myeloid-cellspecific deletion of Sirt1 results in hyperactivation of the NFKB1 pathway, and, in mice, leads to the development of systemic insulin resistance (Schug et al. 2010) , indicating that SIRT1 might regulate macrophage migration by targeting NFKB1.
The intracellular non-receptor tyrosine kinase, focal adhesion kinase (FAK), modulates cell adhesion and migration through integrin signaling (Parsons 2003) . Fak (Ptk2) transcription is regulated by binding of NFKB1 to the Ptk2 gene promoter (Golubovskaya et al. 2004 ). Therefore, the hypothesis has been proposed that SIRT1 might regulate macrophage migration by targeting the NFKB1 and FAK pathways. To test this hypothesis, we examined the migratory ability of Sirt1-deleted macrophages in vitro, as well as macrophage infiltration in myeloid-cell-specific Sirt1 knockout (mS1KO) mice under HFD conditions.
Materials and methods

Animal experiments
Sirt1
flox/flox mice were crossed with LysM-Cre mice to generate mS1KO mice. SIRT1 KO mice and age-matched littermates older than 4 weeks were provided with either a standard laboratory chow diet or a 60% HFD and allowed to feed ad libitum (Research Diet, New Brunswick, NJ, USA) for 16 weeks. Oral glucose tolerance tests (1 g/kg of body weight) and insulin tolerance tests (0.75 U/kg of body weight) were performed after 14 h of fasting. All experimental procedures were approved by the Institutional Animal Care and Use Committee of Chonbuk National University.
Histology
Fixed tissues were embedded in paraffin. Tissue sections (4 or 6 mm) were stained with hematoxylin and eosin (H&E) or Sirius red for light microscopy. For immunohistochemistry, sections were immunostained with antibodies against insulin (Santa Cruz Biochemicals, Santa Cruz, CA, USA) or F4/80 (Abcam, Cambridge, UK). The adipocyte area and islet size in sections were measured using the iSolution DT 36 Software (Carl Zeiss, Oberkochen, Germany). Liver inflammation in liver biopsies was graded using a modified histologic activity index (Kleiner et al. 2005) . TUNEL staining was carried out using a commercial kit (Promega).
Cell culture
Bone marrow-derived macrophages (BMMs) were generated using mouse macrophage colony-stimulating factor. For M1 or M2 differentiation, BMMs were treated with LPS (10 ng/ml)CIFNg (50 U/ml, Invitrogen) or IL4 (10 ng/ml, Invitrogen) respectively. RAW264.7 macrophage cells were treated with SIRT1 activator (10 nM SRT1720) or inhibitor (2.5 mM sirtinol) for 24 h. To prepare 3T3-L1 conditioned medium (CM), 3T3-L1 cells were cultured for 2 days after completion of differentiation. To express exogenous proteins for immunoprecipitation, 293T cells were transfected with pFlag-Sirt1 or p300 using Lipofectamine 2000 (Invitrogen).
In vitro migration assay BMM or RAW264.7 cell migration assays were carried out in transwell migration assay chambers (BD Life Sciences, Franklin Lakes, NJ, USA) by adding CCL2 or CM to the lower chamber.
Statistical analysis
Data are expressed as meanGS.E.M. Statistical comparisons were made using one-way ANOVA followed by Fisher's post hoc analysis. The significance of differences between groups was determined using Student's unpaired t-test. A P value of !0.05 was considered significant.
Additional methods
Detailed methods are provided in the Supplementary Methods, see section on supplementary data given at the end of this article.
Results
Myeloid Sirt1 deletion leads to impaired glucose tolerance after high-fat feeding
To evaluate the functional role of myeloid SIRT1 in the development of obesity-associated tissue inflammation, we generated mS1KO mice in a C57BL/6 background ( Supplementary Fig. 1a , see section on supplementary data given at the end of this article and Supplementary Table 1) . Western blotting confirmed complete deletion of Sirt1 in BMMs from mS1KO mice ( Supplementary Fig. 1b ). Four-week-old mS1KO mice and WT littermates were fed either a normal chow diet (NCD) or 60% HFD for 16 weeks. On a NCD, there were no differences in body weight gain, food intake, body fat mass, plasma TG, or cholesterol level between WT and mS1KO mice ( Supplementary  Fig. 2a , b, c and d). However, on a HFD, mS1KO mice showed decreased body weight at 10 and 16 weeks after HFD feeding and had lower levels of plasma cholesterol, compared with WT mice (Supplementary Fig. 2a and d ).
In addition, all parameters, such as fasting blood glucose, insulin levels, glucose tolerance, and insulin tolerance results were the same for WT and mS1KO mice on a NCD (Fig. 1 ). In contrast, on a HFD mS1KO mice exhibited higher fasting glucose levels, with markedly reduced plasma insulin levels and impaired glucose tolerance, indicating that development of glucose intolerance is secondary to defective insulin secretion in mS1KO mice ( Fig. 1a and b) . Results of insulin-tolerance tests indicated that mS1KO mice fed a HFD have reduced insulin sensitivity compared with WT mice (Fig. 1c) .
mS1KO mice display pancreatic dysfunction with islet atrophy and inflammation
To understand why mS1KO mice exhibited glucose intolerance despite having body weights similar to WT mice, and to determine whether the reduction in the levels of insulin in plasma was due to primary dysfunction of the pancreas, we focused on pancreatic islets. Histological examination of pancreatic tissue by H&E staining and insulin immunostaining revealed that deletion of myeloid Sirt1 resulted in a decrease in islet mass under NCD conditions. HFD feeding induced pancreatic islet hyperplasia in WT mice, but the islet mass reduction was even more aggravated in mS1KO mice (Fig. 2a and b) . Consistent with these results, the apoptotic index, analyzed by TUNEL assay, was higher in mS1KO mice receiving a HFD ( Fig. 2a and c ). To assess macrophage infiltration into islets, we counted F4/80-positive cells as a pan-marker for macrophages. Accumulation of cells immunopositive for F4/80 was significantly increased in mS1KO mice fed a HFD compared with WT mice; mS1KO mice also displayed increased intra-islet and peri-islet inflammatory cell infiltration after HFD feeding ( Fig. 2a and d) . We measured glucose-stimulated insulin secretion by islets isolated from WT and mS1KO mice. Islets from mS1KO mice exhibited a marked repression in high-glucose-stimulated insulin secretion, consistent with the in vivo results in Fig. 1A ( Fig. 2e) . Basal insulin release under low-glucose conditions was similar between the genotypes.
Deletion of myeloid Sirt1 increases macrophage infiltration into liver and adipose tissue
Increased macrophage infiltration in peripheral tissues such as liver and adipose tissue is a hallmark of obesityinduced tissue inflammation and insulin resistance.
Given that increased numbers of macrophages infiltrated into the pancreas in mS1KO mice on a HFD, we then examined macrophage infiltration into the liver and adipose tissue, and the mRNA expression of inflammatory genes. Liver weight and TG content were similar between genotypes in mice on a NCD, but significantly decreased in mS1KO mice on a HFD compared with WT mice on the same diet (Fig. 3a) . Examination of liver histology by microscopy with H&E staining revealed a higher grade of inflammation in mS1KO mice than WT mice under both NCD and HFD conditions (Fig. 3b) . Liver tissue damage in mS1KO mice, as evidenced by increases in serum ALT and AST levels, correlated well with the degree of inflammation (Fig. 3c) . Real-time RT-PCR analysis also confirmed the increased accumulation of macrophages and inflammation in mS1KO mice compared with WT mice (Fig. 3d) . Feeding with a HFD induced a large increase in the mass of epididymal white adipose tissue (eWAT) in WT mice but had less effect in mS1KO mice, resulting in lower eWAT in mS1KO mice on a HFD than in WT HFD mice (Fig. 4a ). In agreement with this finding, adipocyte size was also smaller in mS1KO mice (Fig. 4b and c and Supplementary Fig. 3a , see section on supplementary data given at the end of this article). Adipose tissue macrophages (ATMs) often surround and ingest dying or dead adipocytes to form crown-like structures (CLSs).
To assess macrophage infiltration into eWAT, we counted the numbers of CLSs in the tissue. As shown in Fig. 4b and d, mS1KO mice had more CLSs, suggesting that ATM content was increased in mS1KO mice even though they have less adipose tissue. To characterize the ATMs, we prepared stromal vascular fractions from adipose tissues of HFD WT and mS1KO mice and analyzed them by FACS. FACS analysis revealed that HFD feeding resulted in a higher percentage of F4/80
C macrophages in adipose tissue of mS1KO mice than in WT mice ( Fig. 4e and Supplementary Fig. 3b ). Consistent with this finding, levels of mRNAs of a variety of proinflammatory genes, including cytokines/chemokines, were upregulated, while the level of a representative anti-inflammatory adipokine, adiponectin, was downregulated, in mS1KO HFD mice ( Supplementary Fig. 3c ).
The secretion of cytokines, including the chemokine CCL2, was also significantly increased in mS1KO HFD mice (Fig. 4f) . Similar to the findings observed for pancreatic islets, more TUNEL-positive apoptotic cells were observed in the adipose tissue of mS1KO mice ( Supplementary Fig. 3d ). It is well known that infiltrated macrophages produce transforming growth factor b and induce tissue fibrosis in adipose tissue (Olefsky & Glass 2010) . To further examine the characteristics of adipose tissues, tissue sections were stained with Sirius red and the representative sections were quantified by digital image analysis. There was an increase in Sirius red staining in the stroma of adipose tissues in WT HFD mice compared with those on a NCD. Sirius red staining around individual adipocytes was markedly increased in mS1KO HFD mice, which indicates a large increase in collagen fiber content of adipose tissues ( Supplementary Fig. 3d ).
Deletion of myeloid Sirt1 increases macrophage migration
In response to specific environmental stimuli, ATMs polarize to classically activated proinflammatory M1-like cells or alternatively activated, less inflammatory M2-like cells (Lumeng et al. 2007 ). We examined changes in the levels of mRNA for SIRT1 in M1 and M2 macrophages. Expression of SIRT1 was suppressed in M1 macrophages and increased in M2 macrophages (Fig. 5a ), supporting the anti-inflammatory role of SIRT1. Furthermore, the expressions of CCL2 and proinflammatory genes such as Tnfa (Tnf), Il6, and iNos (Nos2) were significantly increased in M1 macrophages of mS1KO mice compared with those of WT mice, whereas M2 marker genes were similarly expressed in M2 macrophages from both genotypes (Fig. 5b) .
To examine the underlying mechanisms of the enhanced infiltration of macrophages and inflammation in tissues of mS1KO mice, we directly assessed the genetic or chemical effects of inhibition or activation of SIRT1 on macrophage migration using an in vitro chemotaxis assay. When adipocyte CM or CCL2 was used as a chemoattractant, BMMs from mS1KO mice showed increased migration compared with those from WT mice (Fig. 5c) . Consistent with this result, treatment of RAW264.7 cells with SRT1720, a SIRT1 activator, suppressed CM-mediated macrophage migration. inhibition of SIRT1 with sirtinol enhanced the effect of CM on macrophage migration (Fig. 5d) .
Upregulation of NFKB1/FAK pathways and involvement in macrophage migration in mS1KO mice
Activation of NFKB1 and FAK has been implicated in cell migration (Maa et al. 2008 ) and FAK expression is regulated by NFKB1 (Golubovskaya et al. 2004) . Therefore, we then investigated the involvement of NFKB1 and FAK activation in LPS-stimulated BMMs. LPS treatment induced a transient increase in acetylation of the p65 NFKB1 subunit in WT BMMs, but this change was more prominent in mS1KO cells (Fig. 6a) . LPS-stimulated nuclear translocation of the p65 subunit was also increased in mS1KO cells relative to that in WT cells. Moreover, FAK expression was clearly increased in mS1KO cells at the levels of both protein and mRNA (Fig. 6b) . To further investigate the role of SIRT1 in activation of FAK, we conducted in vitro overexpression studies. Overexpression of SIRT1 in HEK293 cells decreased both the expression and acetylation of FAK, while overexpression of EP300 abolished these effects (Fig. 6c) . In agreement with these findings, acetylation of FAK was increased in mS1KO cells, indicating that FAK is a SIRT1 substrate for deacetylation (Fig. 6d) . Finally, to confirm the role of FAK in adipocytemediated macrophage chemotaxis, we conducted a chemotaxis assay using RAW264.7 cells transfected with Ptk2 siRNA. Figure 6e shows that Ptk2 knockdown reduced migration of macrophages toward adipocyte CM. Moreover, sirtinol did not stimulate macrophage migration when Ptk2 was deleted, indicating that regulation of macrophage migration by SIRT1 might be mediated by FAK.
Discussion
As macrophage infiltration is a key component of obesity-induced tissue inflammation and SIRT1 has anti-inflammatory effects, we proposed the hypothesis that tissue inflammation and insulin resistance mediated by deletion of Sirt1 result from increased tissue infiltration by macrophages. Indeed, in several rodent models of obesity, deletion of myeloid Sirt1 promotes infiltration of macrophages into liver and adipose tissues, leading to impaired glucose homeostasis (Schug et al. 2010 , Yang et al. 2012 . Although these studies have dissected the mechanisms by which SIRT1 regulates tissue infiltration by macrophages and the subsequent insulin resistance, whether macrophage Sirt1 deletion affects the inflammation in the pancreas along with liver and adipose tissues, or how SIRT1 represses macrophage activation at the cellular level has not been studied. To address this question, we developed myeloid Sirt1-knockout mice and conducted in vitro experiments using BMMs from these knockout mice. We also investigated the effects of deletion of myeloid Sirt1 on pancreatic function, liver inflammation, and eWAT remodeling during HFD feeding.
ATMs are heterogeneous in their biological functions as well as the expression of cell-surface markers and are categorized into two subpopulations (Nguyen et al. 2007 , Olefsky & Glass 2010 . The first are classically activated M1 macrophages that exert proinflammatory effects by expressing proinflammatory genes, such as Il1b (Il1b), Tnf, Il6, and Nos2, and infiltrate liver and adipose tissue in obesity. The other group of macrophages are alternatively activated or M2 macrophages that exert anti-inflammatory effects by expressing genes such as Il10, Arg1, and Mrc1 (Olefsky & Glass 2010) . Results from our in vitro experiments that expression of SIRT1 was lower in M1 macrophages and higher in M2 macrophages, and that deletion of myeloid Sirt1 stimulated M1 polarization. Consistently, mS1KO mice displayed increased ATM infiltration by F4/80 C CD11b C CD11c C triply positive cells after HFD feeding. These results indicated that Sirt1 deficiency promoted a phenotypic switch of ATMs to a more proinflammatory M1 subtype. This finding is fully consistent with a previous report that treatment with a pharmacological SIRT1 activator reduced CD11c C M1 ATMs in obese rats (Yoshizaki et al. 2010) . We also observed that genetic or pharmacological inhibition of SIRT1 in macrophages further stimulated cell migration in response to adipose chemoattractants; however, treatment of cells with SRT1720 hampered adipocyte CM-triggered macrophage migration.
The results of cellular signaling analysis provided evidence of the importance of SIRT1 for the modulation of the activation of NFKB1 and expression of FAK, and control of cell migration by FAK. Firstly, deletion of Sirt1 increased nuclear translocation and acetylation of NFKB1 subunits in mS1KO macrophages. Secondly, SIRT1 interacted with and deacetylated FAK, whereas acetyltransferase EP300 had the opposite effects. Thirdly, deletion of Sirt1 increased acetylation and expression of FAK in mS1KO macrophages. Fourthly, knockdown of Ptk2 in RAW264.7 cells impaired chemotaxis. These results indicate that, in addition to NFKB1, FAK might be a direct SIRT1 deacetylation substrate. In support of this possibility, results from previous studies have indicated that NFKB1 and FAK activate signaling for macrophage migration (Parsons 2003 , Maa et al. 2008 .
We expanded our understanding of the role of myeloid SIRT1 in vivo by demonstrating that mS1KO mice exhibit tissue inflammation with increased infiltration of macrophages into the pancreas. We demonstrated that macrophage SIRT1 regulates pancreatic b-cell function and insulin secretion. As CCL2 is a potent macrophage chemoattractant, increased expression of CCL2 together with its receptor CCR2 could directly trigger the recruitment of macrophages to pancreatic tissue. Infiltrated macrophages could, in turn, secrete a variety of cytokines, including chemokines that further induce inflammationrelated gene expression and promote local inflammatory responses, resulting in apoptotic pancreatic b-cell death and impaired glucose tolerance. Notably, gene expression analysis revealed that levels of CD11c (a marker for M1 macrophages) and F4/80 (a pan-marker for macrophages) were increased in islets from mS1KO mice, indicating infiltration by M1 macrophages. These results were consistent with our in vitro data indicating preferential differentiation of M1 macrophages associated with deletion of Sirt1. In addition, gene expression and serum levels of IL1b and TNFa were much higher in mS1KO mice than in WT mice, supporting a close link between increased macrophage infiltration and tissue inflammation upon feeding with a HFD.
We also found that deletion of myeloid Sirt1 promoted migration of macrophages to the liver and adipose tissue in response to a HFD. Similarly, we observed an increase in inflammatory cells in histological analysis of liver and adipose tissues from mS1KO mice. Obesity-induced inflammation in adipose tissues involves increased expression of proinflammatory mediators and infiltration of macrophages into adipose tissue, where they surround dead adipocytes to form typical CLSs (Cinti et al. 2005) . Deletion of myeloid Sirt1 in HFD-fed mice resulted in increased proinflammatory cytokines in the liver and adipose tissue and an increase in the number of CLSs. Notably, mS1KO mice on a HFD showed a decrease in hepatic triglycerides and steatosis and smaller adipocyte size compared with WT mice. These findings are in contrast to those from the study by Schug et al. (2010) , in which mS1KO mice exhibited greater weight gain and adipose tissue mass. These opposite results may result from differences in the diet composition; we fed mice with 
Figure 6
Regulation of NFKB1/FAK signaling pathways by SIRT1. (a) Immunoblots were performed on whole-cell extracts (for SIRT1) or nuclear extracts (for Ac-p65, p65, p50, and PCNA) from BMMs that had been treated with LPS for the indicated periods. (b) BMMs were isolated from WT or mS1KO mice, and protein and mRNA levels of FAK were measured. Values are meansG 60% HFD, whereas Schug and colleagues used 45% HFD. A higher calorie diet might recruit more macrophages into adipose tissue, which, in turn, would secrete more cytokines that are responsible for tissue destruction. In support thereof, marked apoptotic cell death and tissue fibrosis were observed in mS1KO mice, indicating that adipocytes were replaced by fibrotic tissue, resulting in smaller adipose mass.
In summary, this study demonstrated that myeloid SIRT1 affects the migration response of macrophages by modulating the NFKB1/FAK pathways. These results were recapitulated in vivo by showing that deletion of myeloid Sirt1 promotes the migration of macrophages toward the pancreas, liver, and adipose tissue during feeding with a HFD ( Supplementary Fig. 4 , see section on supplementary data given at the end of this article). SIRT1 is involved in a nutrient-sensing pathway and its activation might have beneficial effects by affecting cellular functions including inflammation and apoptosis. Therefore, regulation of myeloid SIRT1 through pharmacological activation or diet control could be a useful anti-inflammatory therapeutic strategy for treating obesity-related metabolic disease.
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